I. INTRODUCTION
Thermochromic VO 2 is an emblematic strongly correlated material which undergoes a fully reversible first order semiconductor-to-metal transition (SMT), from the monoclinic (P2 1 /c) to tetragonal (P4 2 /mnm) crystal structure, at 68 C. [1] [2] [3] The ultrafast, sub-picosecond transition 4, 5 is marked by abrupt changes in electrical ($4 orders of magnitude resistivity drop) and optical properties (dielectric constants vary strongly, particularly in the IR range). [6] [7] [8] Due to the ultrafast SMT and its relative closeness to room temperature, vanadium dioxide has raised overwhelming interest in both fundamental research and a variety of applications. Most recently, 9 an order-of-magnitude breakdown of the Wiedemann-Franz law has been reported in metallic VO 2 in the vicinity of the semiconductor-to-metal transition. Moreover, VO 2 became a prominent candidate for ultrafast optical and electrical switches, 10, 11 tunable capacitors, 12 microbolometers, 13 smart windows, 14, 15 smart radiators in solar thermal 16 or space 17 applications, etc. For practical applications, various transition temperatures are desired and, through doping, the phase transition temperature can be tailored to fit a wide range of requirements. The origin of the SMT in phase-pure VO 2 and the mechanisms through which dopant elements inflict their effect on it is still an open subject despite the extensive research and decade-long debates on the topic. 4, [18] [19] [20] [21] Nonetheless, it is generally believed that donorlike dopants with large ionic radii (W 6þ , Mo 6þ , and Nb 5þ ) decrease the transition temperature T SMT , while acceptor-like elements of low oxidation state and smaller ionic radii (Al 3þ , Cr 3þ , Fe 3þ ) increase T SMT . 3 Tungsten has been considered the most efficient among dopants, enabling a reduction in T SMT , with a nearly linear rate of 49-55 C/at. % W dopant. 22 However, shifting the SMT temperature in the other direction is less efficient and less studied. Introduction of smart thermochromic VO 2 based solar thermal collectors 16 and recent developments at the microelectronic device level 11, 12 emphasize the importance of a reliable, inexpensive, and efficient doping that enables a precise control over a wide range of elevated T SMT in vanadium dioxide thin films. Studies on dopants shown to increase the transition temperature were mainly published for single crystal or powder VO 2 . [23] [24] [25] When going to thin films, the effect of such doping elements is not evident and proved to be controversial. In contrast to expectations, Al 3þ doping decreased the transition temperature and induced progressive amorphization of the VO 2 films. 22, 26, 27 Fe 3þ was also reported to decrease the transition temperature in thin films, 28 while Cr 3þ has been shown to increase it to not more than 70 C. 29 In a 1968 patent, Futaki et al. 30 reported elevated transition temperatures in Ge doped VO 2 crystals. From thereon, Ge was much referred to as a dopant which increases the SMT temperature and it was widely assumed that this effect would be applicable to thin films too. However, to the best of our knowledge, the latter was never looked into. In the present letter, we aim to study the effect of Ge doping on vanadium dioxide thin films and we report the effective increase in the critical transition temperature of such VO 2 films.
II. EXPERIMENTAL DETAILS

A. Film growth
Vanadium dioxide based thin films, with different Ge contents, were deposited by reactive magnetron sputtering in high-vacuum conditions. The base pressure of the chamber was kept below 5 Â 10 À8 mbar. 480-580 nm thick films were co-sputtered from V (99.95%) and Ge (99.999%) targets on h100i Si substrates. The power applied on the Ge source was varied, thus changing the composition of different samples. All the other deposition parameters were kept constant.
The oxygen pressure during deposition was kept constant by a Proportional Integral Derivative (PID) feedback control. It regulated the oxygen flow based on the pressure readings of a Zirox XS22 lambda-probe oxygen sensor. The process pressure was 7.73 6 0.2 Â 10 À3 mbar, and the oxygen partial pressure was 4.14 6 0.2 Â 10 À4 mbar. The temperature was kept constant at 640 C. The detailed sample preparation has been previously reported elsewhere. 22, 31 B. Film characterization Precise Ge quantification in the Ge x V (1Àx) O 2þy thin films and determination of film thicknesses were achieved by Rutherford Backscattering Spectrometry (RBS). The data were collected using a 1.7 MV tandetron accelerator with a 2 MeV He 2þ ion beam. The incident angle of the ion beam was 0 , normal to the sample surface, while backscattered particles were detected at a scattering angle of 150
. Data analysis was done using the Ion Beam Analysis DataFurnace code. 32 The thermochromic properties of the films were studied from room temperature up to 120 C by determining their temperature dependent electrical resistivity. This was done by standard four-point probe measurements using a semiconductor parameter analyzer (HP 4156C) and a control on the sample temperature up to 120 C. The crystallinity and phase composition of the deposited films were determined at room temperature by grazing incidence X-ray diffraction (GIXRD, Empyrean system equipped with a PIXcel-1D detector, monochromatic Cu Ka radiation, a grazing incidence GI angle of 4 ). The surface topography and particle sizes were determined by atomic force microscopy (AFM Multimode, Nanoscope IIIa; Bruker) in contact mode.
III. RESULTS AND DISCUSSION
In order to analyze the Ge concentration of each individual sample, a Ge x V (1Àx) O 2þy (monolayer)/Si (substrate) model was used and a good fit has been obtained. The Ge content for each sample is given in Table I . The energy spectra of the backscattered ions are displayed in Fig. 1 , where the yield of backscattered He ions is plotted against the channel number (backscattering energy). The Ge contribution is seen at high backscattering energies (high channel number) and is partly superposed on the V signal. At lower energies, the oxygen component is superposed on the Si substrate signal.
The simulated spectrum fits the experimental RBS data. As expected, by increasing the applied power on the Ge target, the Ge concentration of the deposited films gradually increases.
The results of the four-point probe resistivity measurements are displayed in Fig. 2 . The temperature dependent electrical resistivities were plotted for all samples, except Ge 0.086 V 0.914 O 2þy , for which the resistivity was too high and did not allow for a reliable reading.
The obtained curves reveal the strong influence of Ge on the switching characteristics. In order to quantitatively investigate these properties and precisely determine the phase transition temperature and hysteresis parameters, the derivatives of the resistivity variation curves, log q(T) vs. T, are plotted for both heating and cooling directions.
The resulting curves are fitted with Gaussian functions whose well-defined minima are taken as the phase transition temperature during heating, T h , and cooling, T c . Thus, the SMT is characterized by (i) the phase transition temperature, T SMT , defined as the average value of the transition temperature in heating and cooling cycles,
(ii) the hysteresis width DT t , taken as the difference between T h and T c , and (iii) the full width at half maximum (FWHM) of the derivative curve describing the sharpness of the transition. The smaller value means the sharper change in the slope. The detailed parameters are summarized in Table II . The transition temperature is gradually shifted to higher values upon doping, and it increases swiftly at higher Ge concentrations. This shift towards increased T SMT might suggest a stabilization of the low temperature, monoclinic phase. A notable increase in the transition temperature occurs only at rather high Ge concentrations, e.g., $6 at. %. This is in accordance with previous studies where transition temperatures were observed to change significantly only for relatively large impurity concentrations exceeding 1 at. %. 3, 23 Film resistivities increase as well, mainly in the high temperature phase. This in turn leads to lowered amplitude modulation of the SMT. The transition magnitude is slowly lowered from $3 orders, for the pure VO 2 sample, to just slightly more than 1 order for the sample with 5.9 at. % Ge. However, it is possible that this effect is due to non-stoichiometric oxygen in doped Ge x V 1Àx O 2þy type films, induced by perturbations associated with the presence of a second plasma in the deposition chamber. A fine-tuning of the oxygen partial pressure might limit the decrease in the transition magnitude. For clarity, only the XRD patterns of the least and most doped samples are displayed, that of pure VO 2 and the samples with $5.9 at. % and 8.6 at. % Ge (see Fig. 3 ). The absence of certain peaks in the pure sample ([002], [012]) suggests a textured film with a preferential orientation of the crystallites. For the film with 5.9 at. % Ge, the [002], [012] peaks are present as well. However, the intensity of the [1 1 -1] peak is much larger than that of the others peaks, indicating the preferential orientation in the (1 1 -1 
At a 5.9 at. % Ge content, the film shows a small feature at $26.2 (see the inset in Fig.3 ). This has been attributed to the (011) peak of GeO 2 . Preliminary X-ray photoelectron spectra (XPS) of Ge doped vanadium oxide films with similar Ge concentrations show broad 3d Ge core level peaks between 31.2 and 32.1 eV binding energies. In this range, contributions from Ge 2þ , Ge 3þ , and Ge 4þ peak components have been reported. 34 These observations suggest that Ge might be partly oxidized in the reactive environment during the deposition process. With doping, a shift of the diffraction peaks toward higher angles is observed. This indicates smaller distances between the crystal planes. Moreover, the broadening of the peaks, compared to the pure sample, is attributed to the decrease in the average grain size in the polycrystalline film with doping.
The crystallite size can be determined from the peak width (FWHM) through the Scherrer equation. The peak widths are corrected with respect to the reference Si peak (the Si wafer has been measured with the same optics and under the same conditions as the deposited films). The wavelength of the Cu Ka1 radiation is k ¼ 1.54056 Å , and the shape factor K is 0.9 for isotropic particles. In these conditions, the crystallite size is found to be $26 nm in the pure VO 2 sample and $10.6 nm in the film with 5.9 at. % Ge. The sample with the highest Ge content, 8.6 at. %, appears to have undergone an amorphization of the film as diffraction peaks vanished. This is consistent with the absence of the SMT during the electrical resistivity measurements discussed previously.
The evolution of the film morphology with doping has been observed from contact mode AFM images. In Fig. 4 , the topographic (left) and lateral (right) AFM images of the three samples are shown.
The pure sample shows particles of variable sizes, ranging between 80 and 120 nm. At a 5.9 at. % Ge content, the particles are smaller, $40-70 nm in size, and show a slightly more uniform size distribution. At an 8.6 at. % Ge concentration, the sample exhibits a smooth and uniform surface, characteristic of homogeneous, amorphous films. This general trend is in agreement with the resistivity and XRD measurements. However, the particle sizes observed using AFM considerably differ from the crystallite sizes determined from XRD peak widths. The Scherrer equation gives an approximation of the individual crystallite sizes, while the particles observed in AFM might contain several crystallites.
The decrease in the average grain size with Ge addition is expected as doping leads to disorder in the VO 2 crystal lattice. Therefore, Ge might introduce nucleation centers. The high density of nucleation centers leads to increased nucleation velocities, which, in turn, results in smaller grain sizes.
As reported in Ref. 35 , the larger density of grain boundaries and associated defects could lower the resistivity of the semiconducting state, while limiting the conductivity of the metallic state through grain boundary scattering of electrons.
Thus, grain refinement results in less abrupt transitions. This trend has been observed from the electrical resistivity plots.
Furthermore, even above the transition temperature, the samples exhibit a semiconducting behavior with the resistivity showing a negative temperature coefficient [indicated by dashed ellipses in Fig. 2(a) ]. A small amount of other VO x phases, which do not undergo SMT, might be present, e.g., at grain boundaries, and influence the overall resistivity of the films above T SMT . The more pure the VO 2 film is, the larger is the transition amplitude. Inversely, when more nonstoichiometric VO x is present in the film, the resistivity drop is lowered due to the enhanced semiconducting behavior above T SMT . 36 It could be speculated then that Ge doping facilitates the formation of non-stoichiometric phases in the film. As already mentioned, an optimization of the oxygen partial pressure during deposition might counter the loss in the transition magnitude.
In addition to the decrease in the transition amplitude, the sharpness of the transition is significantly reduced upon doping-larger FWHM. As suggested in Ref. 36 , a possible explanation for such smeared out transitions, spreading over temperature ranges as high as $30 C, may be that crystallites exhibit different SMT temperatures. The transition in the polycrystalline film occurs over the distribution of transition temperatures of the different crystallites. Such a variation in the transition temperature of individual crystallites might be strain induced. Lattice disorder, defects, and grain boundary density, in the doped films, are expected to be superior to those in pure VO 2 . Ge x V (1Àx) O 2þy lattices are then strained due to the stresses coming from these grain boundaries and other defects.
VO 2 bulk single crystals exhibit a very narrow hysteresis width of 0.5-1 C. 37 High quality epitaxial VO 2 films show rather comparable widths of $1.5-2 C. 38, 39 However, polycrystalline VO 2 films might have considerably broader hysteresis loops, ranging from a few degree widths to more than 30 C in some cases. 36, 40 The mechanism of hysteresis in both VO 2 single crystals and thin films is not fully understood. Nonetheless, in polycrystalline films, numerous factors have been reported to affect it such as the grain size, 41 crystallinity, 42 nucleation defects, 43 orientation of grain boundaries, 44 and grain shape. 40 In general, the hysteresis widths of our doped polycrystalline VO 2 films are smaller than that of the pure film.
In Ref. 41 , a nucleation theory is proposed where the phase transition is nucleated on defects. According to this study, an increased number of nucleation seeds can potentially trigger the phase transition and lead to narrower hysteresis loops.
Ge might enhance the heterogeneous nucleation of VO 2 particles similar to Ti in VO 2 . 43 The larger density of grain boundaries and lattice disorder could be accountable for a higher effective defect concentration in doped samples. Relatively high amounts of dopants could significantly increase the density of defect-induced nucleation sites. As a consequence, the free energy decrease for SMT is lowered and a smaller DT-narrower hysteresis-can trigger the transition.
Following this reasoning, other dopants might also increase the defect-nucleation site density and narrow the hysteresis, which was indeed observed experimentally. 22 The role of lattice distortion and charge doping effects on the phase transition in doped vanadium dioxide systems is still unclear. In Ref. 45 and references therein, an overview of the proposed mechanisms for the widely studied W 6þ doping is presented. Several studies attribute the reduction in T SMT to the increase in electron density; some claim that the effect of W 6þ on neighboring cells is only structural, while others have shown that both electronic contribution and local structure perturbations are responsible for the reduced T SMT . The authors of the cited study 45 agree with the latter and conclude their comparative analysis on Ti and W doped VO 2 , suggesting that charge doping is more effective in regulating the transition temperature in VO 2 , although the local structure perturbations induced by dopants have an inevitable influence on it. MacChesney and Guggenheim 23 also point out that, regardless of the origin of the transition, changes in the band structure are sensitive to changes in the lattice and speculate that the changes induced by dopants are the result of the interplay of the size and charge. Small cations, e.g., Al 3þ , Ga 3þ , and Ge 4þ , with empty d orbitals are more stable in lower anion coordination and seem to stabilize the low temperature phase. Additionally, when charge compensation is accomplished through the creation of V 5þ ions-smaller than V 4þ , with empty d orbitals and unstable in an oxygen octahedron-a lower anion coordination is favored again. 3 Nonetheless, the significant change in transition temperature reached through Ge doping-as in the case of W doping-is presumably the result of both lattice distortion and electronic effects. However, the main contributor and the way it acts on the VO 2 lattice are yet to be determined.
IV. CONCLUSIONS
Through a controlled sputtering process, pure VO 2 and Ge x V (1Àx) O 2þy films have been deposited. A direct correlation between the SMT characteristics, most notably the transition temperature and doping concentration, has been established. A T SMT value of $96 C has been reached with 5.9 at. % Ge. To the best of our knowledge, this is the highest transition temperature reported for doped VO 2 based thin films. These findings constitute further motivation in studying doped vanadium dioxide films, which could help to advance our current understanding of the underlying fundamental principles of the semiconductor-to-metal transition in VO 2 .
